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Two important indices of myogenic differentiation are the formation of syncytial myotubes and the postmitotic arrest from
the cell cycle, both of which occur after fusion of mononucleate cells. We show here that these indices are reversed in the
environment of the urodele limb regeneration blastema. In order to introduce an integrated (genetic) marker into newt
myotubes, we infected mononucleate cells in culture with a pseudotyped retrovirus expressing human placental alkaline
phosphatase (AP). After fusion the myotubes expressed AP and could be purified by sieving and micromanipulation so as to
remove all mononucleate cells. When such purified retrovirus-labelled myotubes were implanted into a limb blastema they
gave rise to mononucleate progeny with high efficiency. Purified myotubes labelled with fluorescent lipophilic cell tracker
dye also gave rise to mononucleate cells; myotubes which were double labelled with the tracker dye and a nuclear stain gave
rise to double-labelled mononucleate progeny. Nuclei within retrovirus-labelled myotubes entered S phase as evidenced by
widespread labelling after injection of implanted newts with BrdU. The relation between the two aspects of plasticity is a
critical further question. © 2000 Academic Press
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1INTRODUCTION
Adult urodele amphibians such as the newt and the
axolotl are able to regenerate their limbs and tail, upper and
lower jaw, ocular epithelial tissues such as the lens and
retina, and much of the ventricle or atrium following
cardiac lesions (Brockes, 1997a; Eguchi et al., 1974; Ghosh
t al., 1994; Oberpriller and Oberpriller, 1974; Oberpriller et
l., 1995; Okada, 1991). It is not understood why this ability
s absent or severely curtailed in most other vertebrates
ncluding mammals. A critical aspect of regeneration in
rodeles, as well as in many examples of invertebrate
egeneration, is the plasticity of the differentiated state—
he ability of differentiated mesenchymal or epithelial cells
o respond to local tissue injury or removal by reversal of
ifferentiation and reentry to the cell cycle (Brockes,
997b). Although such reversal can be induced experimen-
ally in the nucleus of a differentiated mammalian cell by
xpression of certain oncogenes (Endo and Nadal-Ginard,
989; Iujvidin et al., 1990), or by transplantation of the
ucleus to oocyte cytoplasm (Wilmut et al., 1997), urodele
egeneration is a context in which plasticity can be ana-
ysed as an integral mechanism (Brockes, 1997b). During l
0012-1606/00 $35.00
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All rights of reproduction in any form reserved.imb regeneration the events of reversal and reentry occur
n mesenchymal cells at the end of the stump and give rise
o the blastema, a growth zone underlying the wound
pidermis (Brockes, 1997a; Thornton, 1968; Wallace, 1981).
e have used the cultured newt A1 myotube as a target cell
o investigate the mechanisms of plasticity in the blastema
Lo et al., 1993; Tanaka et al., 1997, 1999). The differentia-
ion of skeletal muscle is notable in part for the fusion of
ononucleate precursor cells to form multinucleate myo-
ubes (Lassar et al., 1994; Walsh and Perlman, 1997). After
usion, the myotube enters a state of postmitotic arrest
uch that it is refractory to the growth factors which
timulate division of the mononucleate myoblasts (Olwin
nd Hauschka, 1988). These two aspects—the change in
ytology on fusion and the postmitotic arrest—provide
mportant indications of plasticity in the differentiated
tate.
A1 cells were originally isolated by explantation of nor-
al limb mesenchymal tissue, and they can be propagated
ndefinitely as mononucleate cells (Crews et al., 1995;
erretti and Brockes, 1988; Lo et al., 1993; Tanaka et al.,
997). After the concentration of serum in the medium is
owered, the cells fuse to form multinucleate myotubes
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1FIG. 1. A1 cells transfected with AP5 retrovirus. (A) Three monon
reaction product. A1 cells were infected with AP5 virus as describ
inactivation of endogenous AP activity. (B) Two myotubes expres
low-serum medium to promote fusion prior to staining. (C) Exp
myotubes as detected by in situ hybridisation. Purified myotube
detected with alkaline phosphatase-conjugated antibody as descri
parallel with antisense riboprobe, or AP5 myotubes hybridised with
that the signal is stronger in the nucleus than in the cytoplasm as n
et al., 1998). Scale bar: 200 (A), 100 (B), and 50 mm (C).
IG. 2. Purification of AP5 myotubes. (A) Distribution of the nu
yotubes were purified from mononucleate cells by sequential
opulation was stained with AP-Orange/hematoxylin and analyse
ells. The mean number of nuclei per cell is arrowed. (B) An exampucleate cells expressing heat-stable AP activity as detected with orange
ed and subsequently stained with the substrate AP-Orange after heat
s AP activity. AP5 cells were grown to confluence and then shifted to
ression of human placental alkaline phosphatase RNA in newt AP5
s were hybridised with digoxigenin-labelled antisense riboprobe and
bed under Materials and Methods. Newt A1 myotubes hybridised in
sense riboprobe, did not show any positive staining (not shown). Note
oted previously with different retrovirally transfected newt cells (Cash
clear content of purified AP-positive myotubes prior to implantation.
sieving followed by micromanipulation. A fraction of the resulting
d for nuclear content; note the absence of any labelled mononucleate
le of two isolated AP5 myotubes in the purified population analysed inA). Scale bar, 200 mm (B).
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127Plasticity of Myotubes in Limb Regenerationwhich express characteristic markers of muscle differentia-
tion (Tanaka et al., 1997). In culture the myotubes show an
mportant difference from their mammalian counterparts,
n that they respond to elevated concentrations of serum by
ntering and traversing S phase (Tanaka et al., 1997, 1999).
his response is mediated by phosphorylation of the reti-
FIG. 3. Implantation of purified AP5 myotubes into the limb blastem
in the epidermis and the absence of detectable signal in the mesenchy
in the mesenchymal blastema. The asterisks in (A) and (B) illustrate t
showing isolated labelled mononucleate cells (orange). (D) High-pow
implantation. All sections were counterstained with hematoxylin. Scoblastoma protein (Tanaka et al., 1997) and is activated by (
Copyright © 2000 by Academic Press. All rightligand generated in serum as a product of thrombin-
ediated proteolysis (Tanaka et al., 1999). In an earlier
tudy the myotubes were selectively labelled in low-density
ulture by microinjection of the lineage tracer rhodamine–
ysine dextran, and the label was observed to remain exclu-
ively within multinucleate cells after prolonged culture
) Control contralateral regenerate—note the strong nonspecific signal
(B) Regenerate implanted with AP5 myotubes showing positive cells
al tearing of the resin sections due to the bone. (C) High-power view
w of a residual myotube. B–D are from regenerates at 10 days after
ars, 0.5 mm (A, B) and 62.5 mm (C, D).a. (A
me.
he loc
er vieLo et al., 1993). If the labelled myotubes were implanted
s of reproduction in any form reserved.
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128 Kumar et al.into a limb blastema, however, many gave rise to mono-
nucleate cells which proliferated and contributed to the
regenerate (Lo et al., 1993). This demonstration of an
pparent reversal of the mononucleate to multinucleate
ransition of vertebrate myogenesis rests critically on the
electivity of the lineage tracer, and in the present study we
ave extended these observations in several ways. The
mplanted myotubes have been labelled with an integrated
enetic marker derived from infection with a pseudotyped
etrovirus (Burns et al., 1993, 1994) and also in independent
xperiments with a lipophilic cell tracker dye. Second, we
ave observed with both labelling methods that many
yotubes reenter S phase after implantation. This is remi-
iscent of the reentry response by these myotubes in
ulture (Tanaka et al., 1997, 1999) and is indicative of
eversal of the postmitotic arrest.
MATERIALS AND METHODS
Cell Culture and Myotube Purification
by Micromanipulation
Mammalian cell lines PA 317 and 293 GP were grown in DMEM
with 10% foetal bovine serum. Culture conditions for newt A1
cells were as previously described (Ferretti and Brockes, 1988; Lo et
al., 1993; Tanaka et al., 1997). Fusion was induced in A1 and AP5
ells by lowering the serum concentration from 10 to 0.5% in
mphibian minimum essential medium (AMEM; see Ferretti
nd Brockes, 1988) for 4–5 days. After trypsinisation the myo-
ubes were passed through a 100-mm microsieve (Cell Microsieve;
BioDesign, Inc., New York) as described (Lo et al., 1993) followed
by two further cycles through a 35-mm mesh to obtain the lowest
ossible contamination by mononucleate cells. The myotubes
etained on the final mesh were washed off into a culture dish and
uspended in 0.5% AMEM containing 0.2% Methocel (Fluka). A
ole, approximately 2 cm diameter, was cut in the bottom of a
5-mm plastic dish, and the dish was then inverted and stuck with
acuum grease (Dow Corning) on the center of a 60-mm gelatin-
oated culture dish. The myotube suspension was added through
he hole to the area covered by the 35-mm dish; after the myotubes
ad attached overnight, the inverted dish was removed. The aim of
his procedure was to prevent myotubes and mononucleate cells
rom attaching at the periphery of the dish and thus to ensure
ccess to micromanipulation. Any mononucleate cells that settled
n the dishes were removed using a microinjection pipette attached
o a micromanipulator mounted on a Nikon inverted microscope.
he culture dish was scored underneath with a scalpel and each
rid square was examined to ensure the removal of all mononucle-
te cells. In addition, one dish of purified myotubes was stained
ith hematoxylin in order to confirm the efficiency of the clearing
rocedure.
Generation of AP5 Cells by Transfection
with Pseudotyped Retrovirus
A 2-kb Sal fragment of the human placental alkaline phospha-
tase cDNA (Kam et al., 1985) was cloned into the Sal site of the
BABE-Neo vector (Morgenstern and Land, 1990) to give the AP5
onstruct. Pseudotyped retroviral vector for AP5 was generated 1
Copyright © 2000 by Academic Press. All rightessentially as described previously (Cash et al., 1998; Yee et al.,
1994). In brief, the amphotropic packaging cell line PA317 was
transfected with AP5 and the culture medium from the transfected
PA317 cells was collected after 48 h, filtered through a 0.45-mm
filter, and used for infection of 293GP cells in the presence of 8
mg/ml polybrene. Following overnight infection, the medium was
changed to fresh DMEM containing 0.4 mg/ml G418 (Life Tech-
nologies, UK) and selection continued for 2 weeks until G418-
resistant colonies were established. The resistant colonies were
picked and propagated in the presence of G418 to establish AP5
producer cells. To generate pseudotyped retrovirus, AP5 cells were
transfected with pCMV-G (an expression plasmid for vesicular
stomatitis virus G protein) (Yee et al., 1994), the medium was
replaced after 6 h, and medium containing pseudotyped virus was
collected at 48, 72, 79, and 90 h after infection, pooled, filtered
through a 0.2-mm filter, and concentrated about 100-fold by ultra-
centrifugation (Yee et al., 1994). The AP5 retrovirus was aliquoted
nd stored at 270°C until use.
Newt A1 cells were plated at 20% confluence on 35-mm
elatin-coated culture dishes and infected with 50 ml pseudotyped
P5 retrovirus stock in the presence of 2 mg/ml polybrene. After
72 h, the culture medium was replaced with fresh AMEM contain-
ing 1.5 mg/ml G418. The medium was changed every 5 days and
after reaching confluence, the cells were replated and expanded in
the presence of G418. The G418 was subsequently withdrawn from
the medium when it was found that the transfected cells stably
expressed the marker gene.
In Situ Hybridisation to AP5 Myotubes
A 0.7-kb fragment of human placental alkaline phosphatase
cDNA was cloned into Bluescribe vector (Stratagene). The resulting
construct pAPIN was linearised either with BamHI or with EcoRI,
nd T7 or T3 polymerase was used to generate antisense or sense
iboprobes, respectively. The riboprobes were labelled with
igoxigenin–UTP using an RNA labelling kit (Boehringer Mann-
eim) following the manufacturer’s instructions. Purified AP5
yotubes were fixed in 4% paraformaldehyde for 5 min, washed in
BS containing 0.1% Tween 20 (PBT), and stored in 70% methanol
t 220°C until use. Myotubes were rehydrated in PBT and hybrid-
sed with RNA probe in buffer containing 50% formamide, 53
SC at 65°C overnight. After hybridisation, the myotubes were
ashed in 50% formamide with 53 SSC and 1% SDS for 20 min at
5°C, followed by a second wash in 50% formamide containing 23
SC, 1% SDS under the same conditions. The myotubes were
ncubated overnight with affinity-purified alkaline phosphatase
AP)-labelled sheep anti-digoxigenin antibody (Boehringer Mann-
eim) and finally developed in BCIP/NBT (Promega) containing
0% polyvinyl alcohol (MW 31,000–50,000; Aldrich), until optimal
olour development. It should be noted that the endogenous AP
ctivity in the AP5 myotubes is completely inactivated during
ybridisation and washing.
BrdU Labelling of Myotubes in Culture
The purified AP5 myotubes were plated on 35-mm gelatin-
coated dishes and maintained in 10% AMEM for 5 days in order to
induce S-phase reentry (Tanaka et al., 1997). The myotubes were
labelled with 10 mg/ml 5-bromo-2-deoxyuridine (Sigma) for 24 h,
ashed in PBS, and fixed in methanol for 5 min. For the staining of
P, endogenous AP activity was destroyed by heat inactivation for
0 min at 65°C and the myotubes were washed in 1 mM MgCl2/
s of reproduction in any form reserved.
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129Plasticity of Myotubes in Limb RegenerationPBS and developed in AP–Orange substrate solution (Zymed, CA)
for 4–5 h at 37°C. After AP staining the myotubes were washed in
PBS and endogenous peroxidase activity was blocked in 1% H2O2/
PBS for 15 min; the myotubes were incubated in 10% goat
serum/PBS followed by mouse mAb against BrdU (1:500) at 4°C
overnight. HRP-conjugated goat anti-mouse antibody (DAKO) was
used as the secondary antibody at a dilution of 1:100. Myotubes
were developed using the DAB-Black kit containing nickel en-
hancer (Zymed).
Cell Implantation and BrdU Labelling in Vivo
Adult Notophthalmus viridescens were obtained from Charles
D. Sullivan & Co. (Tennessee) and maintained as described (Ferretti
and Brockes, 1988). After bilateral forelimb amputation at midhu-
merus level, newts were allowed to regenerate at about 23°C. A cell
pellet containing purified AP5 myotubes was implanted under the
wound epithelium of the left forelimb by microsurgery 3 to 4 days
after amputation. The protocol for preparation of the cell pellet and
implantation into the limb regenerate was essentially as given
previously (Lo et al., 1993) with minor modifications. Purified AP5
myotubes (150–175 per implant) were trypsinised and mixed with
a carrier population of A1 mononucleate cells (8000–10,000) and
aliquoted into Sylgard (Sylgard 184 elastomer; Dow Corning)-
plugged siliconised glass Pasteur pipettes (0.5 mm; Bill Bates Glass,
Daventry, UK). Initially a carrier layer of 1000 cells was seeded
above the silicone bed and spun in a centrifuge to avoid any
myotube loss during release of the cell pellet. The unoperated right
arm served as sham control. Unlabelled A1 myotubes containing
mononucleate cells were implanted similarly in a separate batch as
negative control to ensure that carrier cells do not stain detectably
for AP. After 10 days implanted limbs were harvested for sectioning
and staining; 17 experimental implants of AP5 myotubes were
analysed in the present study.
A1 myotubes were also labelled with the PKH-26 fluorescent
cell tracker dye (Sigma) which is stably incorporated into cell
membranes (Horan and Slezak, 1989). The newt A1 mononucleate
cells were found to retain the dye, while dividing in culture, for at
least 2 weeks after labelling, and transfer of the dye between the
cells was undetectable. Myotubes were labelled according to the
manufacturer’s guidelines with minor modifications. Myotubes
were trypsinised and resuspended in serum-free AMEM. Following
low-speed centrifugation the pellet was resuspended in the diluent
supplied with the kit. The cell suspension was added to the dye
solution (4 3 1026 M) and incubated at room temperature for 5 min
with mixing at 1-min intervals. Staining was arrested by adding an
equal volume of serum and incubating for 1 min, followed by
dilution in AMEM, and passage through 100- and 35-mm sieves.
The filtrate containing the myotubes was plated onto 60-mm
dishes and cleared of mononucleate cells as described previously.
About 100–120 myotubes were implanted in each regenerate (six
implants) with a carrier population of A1 cells. In another series
(four implants), the nuclei of PKH-labelled myotubes were labelled
with Hoechst 33342 (1 mg/ml) in culture dishes for 2 h prior to
implantation. Myotubes were implanted as described above and the
animals were allowed to regenerate for 10 days.
For BrdU labelling we used partially purified (once through
35-mm sieve) AP5 myotubes in order to score implanted myotubes
that express both AP- and BrdU-positive nuclei. Myotubes (100–
350 per regenerate) were implanted 4 days after amputation of the
forelimbs. 5-Deoxy-29-bromouridine (Sigma) was injected intraperi-
toneally (0.25 mg/g body wt) at 9 days postimplantation in two w
Copyright © 2000 by Academic Press. All rightpulses at 7-h intervals. The regenerates were harvested after 24 h of
BrdU incorporation and processed. In addition some regenerates
were analysed at 7 days after implantation. A total of 50 animals
were implanted and analysed during these experiments.
Histological Analysis of Implanted Regenerates
Animals implanted with the AP5 myotubes were anaesthetised
with 0.1% tricaine (3-aminobenzoic acid ethyl ester; Sigma) and
perfused with 0.6% saline (30–35°C) followed by chilled 10%
formalin in PBS. We routinely analysed the contralateral unoper-
ated blastema as control for background staining as well as blast-
emas implanted with unlabelled A1 myotubes (see Results). The
regenerates were collected and fixed in 10% formalin, washed in
PBS, infused with PBS containing 10% sucrose overnight at 4°C,
washed again in PBS, and embedded in Historesin Plus (Leica,
Germany) according to the manufacturer’s instructions except that
the ethanol dehydration series was omitted. In place of this, tissues
were infiltrated in an ascending series of PBS: Historesin, infused in
pure resin (overnight) at 4°C, embedded in Histomould (Leica) with
sealant foil to exclude air, and polymerised at 4°C for 14–18 h. The
hardened blocks were fixed on stubs, trimmed, and stored over
silica in a refrigerator. The blocks were sectioned on a rotary
automatic microtome (Leica RM 2155) at 10 mm using a tungsten
carbide knife, floated on silane-coated slides, and dried at 37°C. For
detection of AP activity the sections were rehydrated in PBS
containing 1 mM MgCl2, and endogenous enzyme activity was
estroyed by heat inactivation at 65°C for 20 min. The sections
ere washed in PBS/MgCl2 and incubated in AP-Orange substrate
solution for 2 to 3 h at 37°C. Following colour development the
sections were washed in PBS, lightly counterstained with Mayer’s
hematoxylin (Sigma), and mounted in GVA mounting medium
(Zymed).
For the detection of BrdU-labelled AP5 myotubes the regenerates
were harvested and fixed as described above. The tissues were
embedded in Tissue-Tek (Sakura Finetek), frozen over dry ice, and
sectioned longitudinally at 25 mm in a cryostat microtome (Leica).
he sections were thawed at room temperature, air dried for 15
in, postfixed in methanol at 220°C for 5 min, briefly air dried,
nd finally rehydrated in PBS. Following heat inactivation of
ndogenous AP activity as above, the sections were washed in PBS
ontaining 0.1% Tween 20 and incubated in AP-Orange substrate.
fter colour development the slides were washed in PBS and
rocessed for BrdU labelling. The sections were treated with 2 M
Cl for 1 h at 37°C followed by neutralisation in 100 mM borate
uffer (pH 8.4). Endogenous peroxidase activity was inactivated by
reating the sections in PBS containing 1% hydrogen peroxide for
0 min and the sections were then washed in PBS, blocked in 10%
oat serum, and incubated in mouse mAb against BrdU (1:500),
ollowed by HRP-conjugated goat anti-mouse as the secondary
ntibody (1:100). The sections were developed in DAB-Black as
bove and, after colour development, the sections were wiped and
oated with a thin layer of liquid cover glass (Clearmount; Zymed),
ried in an incubator at 40°C for 20 min, and coverslipped using
erkoglas (Merck).
The regenerates implanted with PKH-labelled myotubes were
arvested and fixed in 2% paraformaldehyde for 3 h, washed in PBS,
nd infused with 10% sucrose overnight. The tissues were washed
gain in PBS and embedded in Tissue-Tek, and serial longitudinal
ections were cut at 15 mm in a cryostat. Sections were air dried for
0 min at room temperature and rehydrated in PBS, and the nuclei
ere counterstained with Hoechst 33258 (1.25 mg/ml) and
s of reproduction in any form reserved.
130 Kumar et al.mounted in nonfluorescent medium (DAKO). The sections from
Hoechst prelabelled regenerates were mounted without any coun-
terstaining.
Sections were observed under a Zeiss Axiophot 2 microscope and
photographed on Fuji 64T film or captured on colour CCD camera
(JVC, Japan) mounted on a Zeiss Axioskop microscope. The digital
images were colour corrected using Image-Pro Plus software (Media
Cybernetics, Maryland). PKH-labelled sections were viewed under
epi-illumination using a standard rhodamine filter set, and
Hoechst-stained nuclei were observed with the UV filter. Images
were captured from each channel on a CV-12 cooled monochrome
FIG. 4. Implantation of purified PKH 26-labelled myotubes into t
(blue). (B) Nuclear content of purified myotubes analysed as for Fig
a regenerate at 10 days after implantation showing strongly labell
residual myotube is also seen (arrow). (D) Section of a regenerate
Hoechst-labelled nuclei. The section was taken at 10 days after imp
with a distinct Hoechst-positive nucleus. The adjacent mononucl
Hoechst labelling. Scale bars, 250 (A) and 50 mm (C, D).digital camera (Photonic Sciences, UK) as 12-bit images using
Copyright © 2000 by Academic Press. All rightImage-Pro Plus software and converted to 8-bit images. They were
finally merged to obtain 24-bit colour images. All images were
exported to Adobe PhotoShop 4.0 (Adobe Systems, CA) for image
processing and printing.
RESULTS
Isolation of Stably Transfected Myotubes
In order to introduce a genetic marker into the A1
mb blastema. (A) Purified myotubes counterstained with Hoechst
note that one labelled mononucleate cell is present. (C) Section of
ononucleate cells counterstained with Hoechst. A multinucleate
r implantation with purified PKH-labelled myotubes containing
tion. Note that the mononucleate cell in the centre is PKH labelled
cell (arrow) is also PKH positive, but the nucleus does not showhe li
. 3—
ed m
afte
lanta
eatemyotubes, we have infected mononucleate cells in culture
s of reproduction in any form reserved.
131Plasticity of Myotubes in Limb RegenerationFIG. 5. Labelling of AP5 myotubes and resident myofibres with BrdU. (A) An AP-positive myotube in culture, labelled with BrdU after
serum stimulation. The myotubes were stimulated for 5 days prior to a 24-h incubation with BrdU. Note the labelled nuclei in the myotube
and the positive and negative nuclei in the surrounding mononucleate cells. (B) Labelling of nuclei in the limb blastema after injection of
BrdU into newts as described under Materials and Methods. The labelling index in the mesenchyme is approximately 30%. (C) Labelling
of multiple nuclei (arrowed) in an AP5 myotube in a section of a regenerate at 10 days postimplantation. (D) An example in which all four
nuclei (arrowed) in an implanted myotube are labelled. (E) Labelling of two nuclei (arrowed) in a resident myofiber proximal to the
amputation plane. The location of the nuclei in the myofiber was established by examination of serial sections. Scale bar: 200 (A), 250 (B),
100 (C), and 62.5 mm (D).
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
r
i
s
c
132 Kumar et al.with a pseudotyped murine retrovirus (referred to as AP5)
expressing human placental alkaline phosphatase. The ret-
rovirus was derived from pBabe-Neo (Morgenstern and
Land, 1990), a vector which has proved effective for stable
expression in urodele blastemal cells in culture (Cash et al.,
1998). After infection of mononucleate A1 cells with high-
titer preparations of AP5, approximately 1–5% of the cells
were infected as evidenced by the expression of heat-stable
AP activity detected by histochemical staining. These
populations were selected by growth in G418, and Fig. 1A
shows examples of cells expressing AP activity as detected
by the histochemical substrate AP-Orange. It has not yet
proved possible to propagate the cells at clonal density
(Cash et al., 1998), but the resulting populations were in the
range of 7–30% AP-positive in different preparations. After
fusion in low-serum medium approximately 40–50% of the
resulting multinucleate myotubes were positive (Fig. 1B).
The expression of the human AP gene was also detected by
in situ hybridisation of cultured myotubes with an anti-
sense riboprobe substituted with digoxigenin (Fig. 1C).
Although the proliferative potential of AP5 mononucleate
cells appeared to be indefinite, the efficiency of fusion,
relative to A1 cells, declined after 10–15 passages and the
cells were discarded in favour of a lower passage stock.
Implantation of Purified AP5 Myotubes
The preparations of myotubes were enriched by sequen-
tial sieving through nylon mesh (Lo et al., 1993) such that
1–5% of the remaining cells were mononucleate. These
remaining mononucleate cells were removed by microma-
nipulation, as described under Materials and Methods, prior
to implantation of the myotubes under the wound epithe-
lium of a regenerating limb. An aliquot of such a prepara-
tion was always stained and examined in parallel to implan-
tation to analyse its purity; a representative histogram of
the nuclear content of AP-labelled cells, demonstrating the
removal of mononucleate cells, is shown in Fig. 2A, while
an example of two purified labelled myotubes in such a
preparation is shown in Fig. 2B.
The purified myotubes were implanted under the wound
epidermis of a forelimb regenerate at 4–5 days postamputa-
tion. After a further 10 days the limb blastemas were
embedded in a low-temperature-gelling resin and analysed
by sectioning, followed by histochemical staining for AP.
Although some sections were lost, this procedure gave
optimal preservation of AP activity with morphology. As
shown at low power in Fig. 3A, control (contralateral)
regenerates, or regenerates implanted with unlabelled A1
myotubes (sham implants), gave strong nonspecific AP
staining in the epidermis but none in the mesenchyme.
After implantation of purified AP5 myotubes, many la-
belled cells were detected in the blastema and in the stump
tissue in the vicinity of the amputation plane (Fig. 3B).
When sections were analysed under high power, many
examples of strongly labelled, well-isolated mononucleate
cells were observed (Fig. 3C) as well as some examples of
Copyright © 2000 by Academic Press. All rightesidual myotubes (Fig. 3D). In order to count labelled cells
n an entire implanted regenerate by analysis of serial
ections, we have used a different marker, the lipid-soluble
ell tracker dye called PKH 26 (Horan et al., 1990; Horan
and Slezak, 1989).
Implantation of Tracker Dye-Labelled Myotubes
Newt myotubes were labelled in suspension with PKH 26
and then purified by sieving and micromanipulation as
described above. An example of a purified labelled myotube
is shown in Fig. 4A, along with the nuclear distribution of
an implanted population (Fig. 4B). After implantation, fro-
zen sections were analysed as described under Materials
and Methods. The regenerates were serially sectioned at 10
days after implantation of approximately 100 labelled myo-
tubes with a mean of 5–6 nuclei per myotube. Many
strongly labelled mononucleate cells were observed (Fig.
4C) as well as some residual myotubes. In some cases
fluorescent profiles were analysed in serial sections to
verify that they contained a single nucleus. As shown in
Table 1, the number of labelled mononucleate cells, greater
than 1000 in each case, indicates that many nuclei from the
myotubes had divided one or more times during this period,
which is consistent with the cell division time of 48 h
recorded in the limb blastema of newts and axolotls (Grillo,
1971; McCullough and Tassava, 1976; Wallace and Maden,
1976). In one series we implanted newts with PKH-labelled
myotubes in which the nuclei had been prelabelled with the
viable stain Hoechst 33342. In four regenerates implanted
with such double-labelled myotubes, many examples of
PKH-labelled mononucleate cells with labelled nuclei were
detected (Fig. 4D), but many examples with unlabelled
nuclei were also noted, probably because the dye was lost
during cell division.
We have also implanted PKH-labelled myotubes and
TABLE 1
Recovery of Mononucleate Cells and Residual Myotubes
after Implantation of PKH-Labelled Myotubes
Implanted
regenerate
PKH labelled
Mononucleate cells Myotubes
1 1531 31
2 2556 57
3 1715 32
4 1029 29
Note. Labelled myotubes (100–120) were implanted 4 days after
amputation of the limb (see Materials and Methods). After 10 days,
serial longitudinal sections (15 mm) were analysed in order to
identify PKH-positive mononucleate cells and myotubes, and these
were counted and summed over the entire series of each of the four
regenerates.sectioned and analysed the regenerates as early as 5 days
s of reproduction in any form reserved.
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133Plasticity of Myotubes in Limb Regenerationafter implantation—it was not possible to analyse earlier
implants for technical reasons. Many mononucleate cells
were noted in these blastemas, indicating that the process
of reversal begins before this time (data not shown). In
summary, myotubes labelled either with an integrated
retrovirus or with a lipophilic tracker dye are effectively
converted to mononucleate cells after implantation into a
limb blastema, thus confirming and extending the earlier
study with rhodaminated dextran as the cell label (Lo et al.,
1993).
S-Phase Reentry by Implanted Myotubes
In order to evaluate the possibility of reentry to S phase
by implanted myotubes we have used uptake of BrdU as a
marker. In preparatory experiments to evaluate the respon-
siveness of AP5 cells in culture, the myotubes were stimu-
lated with high-serum medium in culture in the presence of
BrdU. As reported earlier for the A1 myotubes (Tanaka et
al., 1997), many AP-positive multinucleate cells showed
BrdU-positive nuclei as detected by peroxidase-labelled
antibody and histochemical detection with nickel enhance-
ment, and in such cases many of the nuclei were positive
(Fig. 5A). We next identified conditions for BrdU injection
into regenerating newts which gave clear labelling of blast-
emal nuclei at levels comparable to those previously re-
ported (Fig. 5B). After implantation of AP5 myotubes as
before, the regenerates were injected with BrdU at 9 days
postimplantation, prior to analysis after 10 days. We ob-
served multiple cases in which some or all of the nuclei in
AP-positive myotubes were clearly labelled (Figs. 5C and
5D). A summary of these results is given in Table 2 in
which the proportion of BrdU-labelled AP-positive myo-
tubes is in the range of 42–86%. In contrast to the experi-
ments with serum stimulation in culture (Tanaka et al.,
TABLE 2
Incorporation of BrdU in the Blastema of Animals Implanted with
Implanted
regenerate
Recovery of alkaline phosphatase-positive m
All nuclei unlabelled
(N1)
Two or more nuclei la
(N2)a
1 02 09
2 08 26
3 09 09
4 11 10
5 21 15
6 28 25
7 16 16
8 55 97
Note. The animals were injected with BrdU (0.25 mg/kg body
arvested after 24 h (see Materials and Methods). The number of inp
erial sections were analysed and AP-positive myotubes, either un
a Does not include cases in which all nuclei were labelled.1997), most cases involved labelling of two or more but not t
Copyright © 2000 by Academic Press. All rightll of the nuclei in a myotube (Table 2), although a signifi-
ant number of cases in the latter category were observed.
omparable results have been obtained after BrdU labelling
f regenerates implanted with myotubes labelled with PKH
6 (data not shown).
Although the participation of the host muscle is not a
rimary concern of these experiments, we observed that
esident myofibers proximal to the level of amputation
ere also labelled after the BrdU injection, in agreement
ith earlier observations by Hay (1959) with tritiated thy-
idine (Fig. 5E). Several examples such as that of Fig. 5E
ere sectioned to verify that the labelled nuclei were
ithin the myofiber rather than residing in a cell closely
pposed to it.
DISCUSSION
The present results serve to underline the finding that
labelled multinucleate newt myotubes are rapidly con-
verted to mononucleate cells after implantation into the
regenerating limb, such that by 10 days a minority of the
myotubes remain (Table 1). This procedure yields compa-
rable results whether the cells are labelled by a cytoplasmic
enzyme encoded by an integrated retroviral genome, an
aliphatic tracker dye that partitions to cell membranes
(Horan et al., 1990; Horan and Slezak, 1989), or, in the
earlier study, a substituted glycan injected into the cyto-
plasm (Lo et al., 1993). In addition, two labels for myotube
nuclear DNA, tritiated thymidine (Lo et al., 1993) and
oechst 33342 in the present study, have been recovered in
he mononucleate cells along with one of the other labels.
aken together, these results reinforce the viewpoint that
he early blastema is an environment that destabilises the
ifferentiated state (Brockes, 1997a). This is further illus-
ovirally Labelled Myotubes
bes from the blastema Percentage of myotubes labelled
d All nuclei labelled
(N3) F N2 1 N3N1 1 N2 1 N3G 3 100
03 86
04 79
01 53
— 48
— 42
— 47
— 50
05 65
9 days after implantation of myotubes, and the blastemas were
-positive myotubes was 100 (1–4), 200 (5–7), or 350 (8) per implant.
led or labelled with BrdU, were counted for each blastema.Retr
yotu
belle
wt)
ut AP
labelrated by the classical finding that pigmented epithelial
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134 Kumar et al.cells from the dorsal iris maintain their identity after
implantation into several locations in the adult newt,
including a normal limb, but they are effectively converted
to lens cells in the limb blastema (Reyer et al., 1973).
In the previous study using rhodamine-dextran as a
tracer, it was noted that later regenerates had some labelled
muscle fibres, as well as a few labelled cells in the cartilage
(Lo et al., 1993). The origin of the former was unclear
because not all implanted myotubes undergo reversal to
mononucleate cells, as also noted in the present study. It is
therefore difficult to establish if labelled mononucleate
cells give rise to muscle, because of a possible contribution
from residual myotubes. The AP5 cells could not be used to
address the possibility of a contribution to the cartilage,
because the level of alkaline phosphatase increases dramati-
cally during chondrogenesis.
FIG. 6. Schematic diagram of cell cycle reentry by newt A1 myo
of mononucleate cells after implantation (B–D). Interphase/G0 nuc
enter S phase on serum stimulation and arrest in G2. (B) Mitosis m
fragmented by cytokinesis, generating viable mononucleate cells. (C
that have entered S phase, in (D) nuclei can bud off irrespective ofAn important finding from the present study is that many t
Copyright © 2000 by Academic Press. All rightyotube nuclei were labelled with BrdU after implanta-
ion. The incidence of labelled nuclei in retrovirally marked
yotubes after a 24-h exposure to BrdU was high (Table 2)
nd included some cases in which all of the nuclei were
abelled. In culture, the use of tritiated thymidine followed
y BrdU has established that there is not a significant
ontribution from fusion of labelled mononucleate cells
nto the myotubes (Tanaka et al., 1997). While the present
bservations are consistent with S-phase reentry by nuclei
n the labelled myotube, as observed for serum stimulation
n culture, they cannot rule out a contribution from fusion
f BrdU-labelled mononucleate cells, although myogenesis
s not thought to occur in the blastema at the dedifferen-
iation stage. It is particularly unlikely to account for cases
n which all of the nuclei in a labelled myotube are BrdU
ositive. The results are consistent with the operation of
in culture (A), and three possible mechanisms for the generation
e in red, while S/M phase nuclei are in black. (A) Newt myotubes
the nuclei traverse S phase and undergo mitosis. The myotube is
D) Budding models—in (C) budding operates selectively on nuclei
cycle reentry.tubes
lei ar
odel—
andhe pathway leading to S-phase entry which is regulated in
s of reproduction in any form reserved.
135Plasticity of Myotubes in Limb Regenerationculture by thrombin, and thrombin is locally elevated in the
blastema at the stage in which implanted myotubes enter S
phase (Tanaka et al., 1999). In culture, S phase entry in newt
myotubes and Rb2/2 mouse myotubes is followed by arrest
in G2 (Novitch et al., 1996; Tanaka et al., 1997). It is not
clear if A1 myotube nuclei enter mitosis after implantation,
and this is difficult to determine directly because of the low
proportion of mitotic cells in a cycling population. We also
observed that nuclei within the resident myotubes were
labelled, in agreement with earlier observations using triti-
ated thymidine in larval Ambystoma maculatum (Hay,
1959).
The reversal of the two indices of myogenic differentia-
tion raises mechanistic questions about their interdepen-
dence. A summary of the possible mechanisms by which
the implanted myotubes might give rise to mononucleate
cells is shown in Fig. 6. The inability of cultured newt A1
myotubes to overcome the G2 arrest after traversing S
phase (Fig. 6A) indicates that an intrinsic signal from the
local environment in the blastema could be required to
promote M-phase entry. If such is the case, how does
cytokinesis and the generation of mononucleate cells occur
in a myotube with only a minority of BrdU-labelled nuclei
(Table 2)? One possibility is that the nuclei could enter M
phase, fragment the myotube by cytokinesis, and release
mononucleate cells or possibly arrest in G2 until other
nuclei synchronise with them before undergoing cytokine-
sis (Fig. 6B). This has been observed in mammalian myo-
tubes transfected with a nuclear oncogene (Endo and Nadal-
Ginard, 1998), although the output of viable mononucleate
cells in this case appeared to be low. Alternatively, the
mononucleate cells could be generated from the myotube
by a process of budding off which does not require entry
into M phase (Figs. 6C and 6D). In this view, S-phase entry
might stimulate such an event (Fig. 6C), as well as acting to
promote loss of the differentiated phenotype. Finally, it is
possible that budding off might occur independent of
S-phase reentry (Fig. 6D). It will be important to determine
if a block of S-phase entry in the implanted myotubes also
leads to a block in production of mononucleate cells, and
such experiments are currently in progress. It would also be
informative to observe the process of mononucleate cell
formation directly, for example, in a larval blastema im-
planted with a single labelled myotube. The combination of
experiments on cultured and reimplanted A1 myotubes
should continue to shed light on the mechanisms underly-
ing plasticity of the differentiated state.
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